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ABSTRACT
Context. It is possible to accurately measure the masses of the white dwarfs (WDs) in the Hyades cluster using gravitational redshift,
because the radial velocity of the stars can be obtained independently of spectroscopy from astrometry and the cluster has a low
velocity dispersion.
Aims. We aim to obtain an accurate measurement of the Hyades WD masses by determining the mass-to-radius ratio (M/R) from the
observed gravitational redshift, and to compare them with masses derived from other methods.
Methods. We analyse archive high-resolution UVES-VLT spectra of six WDs belonging to the Hyades to measure their Doppler shift,
from which M/R is determined after subtracting the astrometric radial velocity. We estimate the radii using Gaia photometry as well
as literature data.
Results. The M/R error associated to the gravitational redshift measurement is about 5%. The radii estimates, evaluated with different
methods, are in very good agreement, though they can differ by up to 4% depending on the quality of the data. The masses based
on gravitational redshift are systematically smaller than those derived from other methods, by a minimum of ∼ 0.02 up to 0.05 solar
masses. While this difference is within our measurement uncertainty, the fact that it is systematic indicates a likely real discrepancy
between the different methods.
Conclusions. We show that the M/R derived from gravitational redshift measurements is a powerful tool to determine the masses
of the Hyades WDs and could reveal interesting properties of their atmospheres. The technique can be improved by using dedicated
spectrographs, and can be extended to other clusters, making it unique in its ability to accurately and empirically determine the masses
of WDs in open clusters. At the same time we prove that gravitational redshift in WDs agrees with the predictions of stellar evolution
models to within a few percent.
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1. Introduction
The importance of the accurate determination of stellar mass
cannot be overemphasized. Especially for white dwarfs (WDs),
the mass-to-radius relationship is interesting because it is ac-
curately predicted by stellar physics and evolution, and unlike
in other stages of stellar evolution, more massive stars are pre-
dicted to have smaller radii. The ratio between the initial stellar
mass and the mass of WDs for instance is essential to model
stellar populations, and more generally to verify predictions of
stellar-evolution models such as cooling times, ages, and masses
of WDs. A direct comparison between models and observations
is therefore fundamental. For example, Salaris & Bedin (see
e.g. 2018) use evolutionary models to estimate the masses of
the Hyades WDs with a precision of about 2%. The radii and
masses of WDs can be obtained by observing these targets in
eclipsing binaries, to better than 1% accuracy (see e.g. Parsons
et al. 2017). We think that it is now possible to observationally
determine the masses of the Hyades WDs with good accuracy
because i) Gaia provides very accurate distances (to better than
0.5%) for these stars, and ii) the Hyades cluster radial velocity is
known with an uncertainty of about 100 ms−1 (Leão et al. 2019).
? Based on UVES data from the ESO VLT archive
These latter authors have also shown that spectroscopic and as-
trometric radial velocities agree to better than ∼ 30 ms−1 once the
additional causes of line shifts are properly taken into account:
gravitational redshift, atmospheric convective motions, and clus-
ter rotation. After applying these corrections, the cluster veloc-
ity dispersion is small: less than 340 ms−1 (Leão et al. 2019).
Therefore, in principle, by measuring the spectral Doppler shift
of the WDs in the Hyades, their gravitational redshift (GR) can
be derived with an error of ∼ 300 ms−1. In most stars the GR
is of a few hundred metres per second, comparable to the con-
vective blueshifts in stellar atmospheres (see e.g. Allende Pri-
eto et al. 2002; Leão et al. 2019), but in WDs the GR signal is
very pronounced (tens of kms−1), and, if hotter than ∼ 14 000 K,
no other mechanism capable of shifting the lines of these stars
is expected to be present (Allende Prieto et al. 2002; Tremblay
et al. 2013). This implies that the difference between the spectro-
scopic Doppler shifts and the astrometric radial velocity can be
attributed entirely to GR, making the measurement potentially
very accurate.
White dwarf binaries are also suitable candidates for this
technique, provided the binary system is very well characterised,
and GR observations have been used with success for Sirius B to
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Fig. 1. Comparison between observations and models in an observa-
tional plane: M/R vs. Gaia G magnitudes. Each star is indicated with
a different symbol and colour. For each star, its effective temperature
has been computed as the average value between the measurements
by Cummings et al. (2018) and Gentile Fusillo et al. (2019) and the
corresponding models are over-imposed and colour-coded as the corre-
sponding star. All stars lay below the corresponding curves, indicating
a discrepancy between the adopted models and our observations.
show the equivalence between the GR mass and dynamical mass
of this star (Joyce et al. 2018).
The eight well-established DA WDs (white dwarfs with hy-
drogen atmospheres) belonging to the Hyades cluster (Salaris &
Bedin 2018) are therefore ideal candidates for GR measurement.
2. Doppler shift and GR measurements
The spectral lines of WDs are very broad, and in principle this
makes the measurement of their Doppler shift relatively diffi-
cult. However, the main Balmer lines (notably Hα and some-
times Hβ) show non- local thermodynamic equilibrium (LTE)
narrow cores, allowing precise measurements of their Doppler
shifts. This feature has been used in the past to measure GR or to
search for binary progenitors of supernovae (see e.g. Reid 1996;
Napiwotzki et al. 2001; Zuckerman et al. 2013).
Out of the eight classical DA WDs in the Hyades, six have
been observed with UVES at the VLT in the early 2000s by the
Supernova-Ia Progenitor Survey (SPY) large programme (Napi-
wotzki et al. 2001) and they are listed in Table 1. Each star has
been observed at two different epochs. The signal to noise ratio
(S/N) for each observation is about 25 in the continuum close to
Hα. All the stars show a narrow non-LTE Hα core, and the com-
bined error arising from the spectra S/N and the line core width
translates into fit measurement errors between 0.8 and 1.5 kms−1.
The two measurements per star are indeed consistent with these
errors. The same spectra were previously analysed by Falcon
et al. (2010), and a comparison between their Hα Doppler shift
measurements and ours shows excellent agreement to within a
few hundred metres per second for all stars. Since we are in-
terested in absolute measurements we in addition consider that
the spectra were obtained with a relatively wide slit (2 arcsec-
onds). This adds to the line fit uncertainty the error induced by
centering the star in the slit, by a non-predictable amount (note
that 1 kms−1 corresponds to a shift of less than 0.2 arcsecond
in the UVES slit, Pasquini et al. 2015). Finally, UVES is not in
vacuum, nor is it thermally stabilised, and so shifts caused by
variations of these environmental parameters are possible. The
reduced data were taken from the UVES science data products
in the VLT archive, and the measured Doppler velocities are pro-
vided in Table 1 (corrected to the solar system barycenter) as
measured from the Hα core and averaging the two observations.
The associated error is simply half the difference between the
two UVES spectra. When adding the other sources of error, we
consider that an overall uncertainty of 2 km−1 is realistic. We
assumed for Hα a wavelength of 6562.801 Å.
The Doppler shifts were subsequently corrected for the as-
trometric radial velocity of each star and for the cluster rotation,
though the latter is less than 300 ms−1 for the sample stars (Leão
et al. 2019), providing the GR for each star. All the values ob-
tained are given in Table 1 .
In the same table we also provide the Doppler velocities mea-
sured by Zuckerman et al. (2013) and the GR measured by Reid
(1996) with HIRES at Keck. These independent measurements
agree well with ours, confirming that the assumed 2 kms−1 un-
certainty is very reasonable. It is worth noting that Zuckerman
et al. (2013) used the blue setup of HIRES, which does not pro-
vide access to Hα, and higher lines in the Balmer series were
measured. These latter lines do not show narrow cores, explain-
ing why their velocities have a comparable uncertainty to the
UVES ones, in spite of the fact that the Keck spectra are at a
higher resolution and have higher S/N ratios. Since other lines
as well as another spectrograph were used, the Zuckerman et al.
measurements are complementary and independent from ours.
The maximum difference between the Zuckerman et al. Doppler
shift and ours is of 3 kms−1, in agreement with our estimated
uncertainty.
We finally compute M/R (in solar unit) by averaging the
UVES and Zuckerman et al. shifts (also reported in Table 1) and
using the formula: GR=0.6365(M/R) (in kms−1). The M/R val-
ues are reported in the last column of Table 1. We expect an error
of about 3 units in M/R, which translates into a 4-5% uncertainty.
3. The estimate of the radii
Once M/R has been measured, we need to estimate the stellar
radii. Since the angular extension of the stars is too small for in-
terferometric measurements, the most direct way of determining
the stellar radii is to compute bolometric magnitudes and apply
the definition of luminosity. Temperatures and stellar parame-
ters can also be obtained by the spectral fitting of the Balmer
lines and the global fitting of the spectra (hereafter ‘spectro-
scopic’, e.g. Tremblay et al. 2012; Gianninas et al. 2011). Fol-
lowing Salaris & Bedin (2018), we used Gaia colours and mag-
nitudes, and the WD model atmospheres developed by Berg-
eron and collaborators (Holberg & Bergeron 2006; Kowalski &
Saumon 2006; Tremblay et al. 2011) by interpolating the mod-
els for DA dwarfs and thin hydrogen atmospheres. Using the
Gaia parallaxes, we computed the absolute magnitudes in the
Gaia filter, G, GBP and GRP, and performed a fit to the synthetic
magnitudes kindly provided by Dr. Bergeron. The best-fit model
provides a measurement of the effective temperature (Teff) and
the bolometric magnitude (Mbol) of each WD. Given the vicin-
ity of the Hyades, we did not apply any reddening correction.
Assuming the standard values for the Sun, T = 5780 K and
Mbol = 4.75 mag, the radius of the WD can then be deter-
mined by combining the bolometric magnitude definition with
the Stefan-Boltzmann law. The results are given in Table 2.
Radii for these stars have been estimated, either from spec-
troscopy (e.g. Cummings et al. 2018, whose results are very sim-
ilar to those of Tremblay et al. 2012), or from photometry, from
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Table 1. Gravitational redshift measurement. Column 1: star id; column 2: measured Doppler shift from UVES spectra, averaged between two
observations; column 3: half difference between the two UVES observations; column 4: Doppler shift as measured by Zuckerman et al. (2013)
from Keck spectra; column 5: UVES and Zuckerman et al. average Doppler shifts; column 6: astrometric radial velocities; column 7: correction
for cluster rotation; column 8: GR (from column 5,6 and 7); column 9: GR from Reid (1996) Keck spectra; column 10: M/R from our GR estimate.
All columns are expressed in kms−1.
Star Doppler Shift ∆v Zucker Ave RV(astro) Rotation GR Reid GR M/R
HZ4 82.64 0.7 79.4 81.0 36.29 -0.27 44.4 41.6 69.76
HZ7 75.07 1.0 73.3 74.2 40.39 0.06 33.9 33.5 53.26
LAWD19 74.52 0.2 75.4 75.0 39.55 0.01 35.5 35.4 55.77
LAWD18 73.87 0.8 75.0 74.4 39.15 -0.03 35.2 35.7 55.30
EGGR29 90.16 1.0 93.1 91.6 37.54 -0.15 53.9 52.3 84.68
HG7-85 87.81 2.0 86.3 87.0 37.07 -0.20 49.7 78.08
either Gaia or the Sloan Digital Sky Survey (SDSS) (Gentile
Fusillo et al. 2019), and they are also reported in Table 2. The
agreement between the radii estimates is good, but they may dif-
fer by up to 10 % (peak to peak) for some of the stars. The two
radii based on SDSS photometry by Gentile Fusillo et al. (2019)
are systematically smaller than the other values, but we have no
explanation for this (see also Bergeron et al. 2019). We have not
used these values in our radii estimates.
For HZ4 and EGGR29 the agreement is excellent, indepen-
dent of the diagnostic used. Since these two stars are spectropho-
tometric standards, we expect the quality of their photometry and
spectroscopy to be superior. The excellent agreement indicates
that the discrepancies likely reflect the quality of the input data.
Following the method described above, we also computed
the WD radii, performing the photometric fit to the SED com-
posed by the Johnson V magnitudes and B−V colours, the Gaia
photometry, and the SDSS photometry, whenever available. The
results are listed in column Rj+s+g of Table 2. For two stars this
would produce larger radii by about 0.006 R, while for the oth-
ers the agreement with our average is excellent.
Gravitational redshift masses are given in Table 2, and they
have been computed using the M/R ratios determined in the pre-
vious section and the radii computed by averaging the Gaia val-
ues from Gentile Fusillo et al. (2019) (column 2), Cummings
et al. (column 6), and our Gaia values (column 8). We have not
used the SED estimates (column 9) in making the average be-
cause they include the Gaia colours. The average is reported in
Table 2 (column 10), together with the associated dispersion. We
notice that this dispersion is not a realistic estimate of the uncer-
tainty; the reason being that the radii estimates are not indepen-
dent, since two are based on the same Gaia colours and all use
the same family of model-based transformations. In addition, the
results from Gentile Fusillo et al. (2019) and Cummings et al.
(2018) implicitly use the mass-to-radius relationship of Fontaine
et al. (2001).
In the determination of the GR mass, we estimate an uncer-
tainty of about 0.03 M introduced by the error on the Doppler
shift. The uncertainty on the radius is more difficult to evalu-
ate, and the values in Table 2, obtained with different methods
and colours, differ from a minimum of ∼ 1 % for the most well-
characterised stars to 4 % for the most poorly characterised, not
considering the SDSS-based estimate of Gentile Fusillo et al.
(2019).
Bearing these uncertainties in mind, our GR masses are sys-
tematically smaller than those estimated by other authors.
A similar systematic shift is present for five stars when com-
paring our GR masses with those derived by Salaris & Bedin
(2018), who claim an accuracy of ∼ 0.01 M.
The uncertainty associated to our GR determination is too
large to derive a firm conclusion, but it is unlikely that all our
velocities are systematically too small. Furthermore, there is no
evidence of a systematic effect when comparing our velocities
with those obtained by other authors (see Table 1). Could the
WDs in the Hyades have different kinematics from the rest of
the Hyades stars? In their study of the WDs in the globular clus-
ter NGC6397, Davis et al. (2008) argue that asymmetric kicks
could explain the peculiar kinematics of these stars, but these
kicks should result in a larger velocity dispersion for this group
of stars, not in a systematic effect. Effects, such as mass seg-
regation are also expected to enhance the velocity dispersion
rather than produce asymmetries, and Leão et al. (2019) find that
the cluster radial velocity remains substantially unchanged when
sampling with different radii.
Furthering our case in Figure 1 we show two observational
quantities, namely M/R as measured from GR and the absolute
stellar G magnitude, with the associated error bars. For each
star we computed the effective temperature averaging from the
(Gentile Fusillo et al. 2019) and the (Cummings et al. 2018) val-
ues, and the tracks corresponding to these temperatures are also
displayed, with the same colour as the star symbol. Clearly the
observed points would agree with models systematically cooler
than what was found. We can therefore safely conclude that our
GR masses, although not of adequate accuracy, are lower than
what has been found by other studies. While we can quantify the
error in the Doppler shifts, the one in the radius is more difficult
to estimate, because we have no control on the systematic effects
in the models. The use of different techniques and data seem to
produce differences of up to 0.001 R, or 10 % (peak to peak) in
the worse case.
Romero et al. (2019) study the dependence of the WD pa-
rameters from the stellar atmospheres, finding that the radii of
WDs decrease the smaller the content of hydrogen in their en-
velopes, by up to several percent for stars with masses and tem-
peratures comparable to the Hyades WDs. If the mass of the H
layer was smaller than the 10−4 M adopted by both Cummings
et al. (2018) and Gentile Fusillo et al. (2019), then their grav-
ity would be systematically overestimated and consequently the
masses derived would also be higher. It seems therefore quite
possible that the discrepancy between these authors and our GR-
based measurement is due to a lower-mass H envelope, but we
feel that given the associated uncertainties, pushing such a hy-
pothesis further is beyond the scope of this work.
4. Conclusions
The classical DA WDs in the Hyades cluster are hot enough
to avoid complications from atmospheric effects (convective
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Table 2. Stellar radii and masses. Column 2: radius from Gentile Fusillo et al. (2019) Gaia-based gravity and mass; column 3: masses as reported
by Gentile Fusillo et al. (2019) for the Gaia analysis; columns 4 and 5: radii and masses from the same authors, based on SDSS colour analysis;
columns 6 and 7: radii and masses as from Cummings et al. (2018); columns 8 and 9: radii derived by us on Gaia photometry and on SED fitting ;
column 10: average radii from columns 2,6 and 8; column 11: masses derived from average radii of column 10 and GR from Table 1. Labels a, b,
ad c in column 9 refer to different sources of Johnson photometry: a Landolt & Uomoto (2007), b Tremblay et al. (2012), c Zacharias et al. (2012).
Star RGFg MGFg RGFs MGFs RCum MCum Rg R j+s+g Radius Mass gr
HZ4 0.0104 0.807(6) 0.0105 0.797 0.0105 0.0107 a 0.0105(1) 0.73(4)
HZ7 0.0119 0.713(9) 0.0121 0.691 0.0124 0.0126 b 0.0121(2) 0.64(6)
LAWD19 0.0116 0.74(1) 0.0121 0.704 0.0120 0.0126 b 0.0119(2) 0.66(5)
LAWD18 0.0115 0.735(8) 0.0099 0.82 0.0119 0.700 0.0119 0.0117 b 0.0118(1) 0.65(5)
EGGR29 0.0098 0.86(1) 0.0099 0.850 0.0101 0.0100 a 0.0099(1) 0.84(3)
HG7-85 0.0099 0.845(7) 0.0097 0.836 0.0109 0.765 0.0101 0.0103 c 0.0103(3) 0.80(4)
shifts). Moreover, since the cluster velocity is determined with
high accuracy, and the equivalence between astrometric and
spectroscopic radial velocities has been shown to better than 30
ms1 for the Hyades stars, astrometric velocities can be directly
subtracted from the measured Doppler shiftsPleas. This, coupled
with the low internal velocity dispersion of the cluster, make
them ideal candidates for measurement of their masses with GR.
We used archive VLT-UVES observations to measure the GR
of six bona-fide Hyades WDs, showing that even if these obser-
vations were taken for other purposes, they can define the M/R
ratio to within an accuracy of 5%.
We estimated the stellar radii using photometry and models,
and we also used literature results, either based on photometry
or on spectroscopy. The radii estimates can vary, and we find
that the two SDSS-based radii (Gentile Fusillo et al. 2019) tend
to give smaller radii than the others. The agreement between the
different estimates varies between 1% for the best cases and 3%
(rms) for the worst.
The masses based on gravitational redshifts are systemati-
cally smaller than those found in recent literature. A small sys-
tematic difference exists also with the values estimated by Salaris
& Bedin (2018) based on stellar evolution models.
The GR measurement can be improved by using dedicated
instruments and observations, such as the recently commis-
sioned ESPRESSO at the VLT (Pepe et al. 2010), which pro-
vides enormous advantages thanks to several technical solutions
(stability of input, the atmospheric dispersion corrector, and the
vacuum instrument). Nevertheless, our results show how pow-
erful the method can be when applied to suitable open clusters.
While for other open clusters the situation will be less favourable
than for the Hyades, still the uncertainty in their systemic spec-
troscopic velocities can be of less than 1 kms1 , which induces a
typical uncertainty of less than 2% on mass estimates for WDs.
This compares very well with alternative methods and it has the
potential to approach the accuracy obtained with eclipsing bina-
ries (Parsons et al. 2017).
We finally note that, assuming we know the mass of the WDs
from evolutionary and spectroscopic studies, as published in lit-
erature, our GR measurements lead to mass values that show
agreement to within a few percent with evolutionary and gravita-
tional masses, certainly within the measurement errors. We have
therefore tested GR in the gravity regime of WDs to an accuracy
of a few percent. There are not many stellar GR measurements
present in the literature for WDs, and usually the precision of the
measured Doppler shifts is limited. Thus we have brought the
consistency between GR and stellar evolution into a novel do-
main (Parsons et al. 2017), that has thus far only been explored
for Sirius B (Joyce et al. 2018).
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